One sentence summary: The soil microbiota show major differences across experiments, while earthworms are associated with a microbiota subpopulation.
INTRODUCTION
The soil microbiota represents a tremendously complex ecosystem, being the most diverse on earth. In 1 g of soil, the estimated number of species is between 6400 and 38 000 (Curtis, Sloan and Scannell 2002) . Both numbers are several orders of magnitudes higher than in other environments (Torsvik, Ovreas and Thingstad 2002) . Although there are major efforts to characterize the soil metagenome, still tremendous challenges remain both due to heterogeneity, diversity and temporal dynamics (Nesme et al. 2016 ).
There is a wide range of factors with a potential effect on soil microbiota diversity and composition. These cover spatial heterogeneity, invertebrate predation/mutualism, virus infection and nutrient sources (Coleman and Whitman 2005) . Furthermore, it has recently been shown that a large portion of soil invertebrates are dependent on gut symbionts for degradation of organic material (Larsen et al. 2016) , and that there is an as-yet-uncharacterized diversity of RNA viruses that can infect soil bacteria (Krishnamurthy et al. 2016) . In order to understand complex systems such as the soil microbiota, it is essential to experimentally dissect the potential diversity among contributing factors.
Earthworms represent one of the most important primary decomposers in soil, with an essential role in transformation of organic material (Gomez-Brandon, Lores and Dominguez 2012). Bacterial associations are important both in nitrogen (DepkatJakob et al. 2013) , and carbon cycling (Schulz et al. 2015) , with the earthworm gut passage being important for the soil microbial activity and composition (Drake and Horn 2007) .
The aim of our work was therefore to investigate the temporal development of the microbiota in soil with and without earthworms. We used an experimental soil micro-ecosystem where we recently have estimated the total diversity to correspond to approximately 20 000 genomes, which would be in the range of that for natural soil (Frisli et al. 2012) . We employed a combination of deep 16S rRNA gene sequencing and quantitative PCR in our investigations.
Taken together, the understanding of the effect of earthworms on the soil microbiota composition and temporal development represents key knowledge in our general understanding of the soil microbiota diversity and stability.
MATERIALS AND METHODS

Experimental setup and sample preparation
In the main experiment, containers (14 × 20 × 7 ) contained about 150 earthworms (Dendrobaena veneta-commonly used in vermicomposting [Suleiman et al. 2017] ) with an average weight of 3 g, with a soil content of about 5 kg. In the repeat experiment, we used about 30 earthworms (D. veneta) in a 1 kg container (7.5 × 10 × 5 ). An outline of the experimental setup is given in Fig. 1 . In both experiments, a commercial earthworm soil incubated at 20
• C with a 70%-80% moisture level was used (Magic Products Inc., Amherst Junction, WI, USA). The earthworms were fed weekly (50/15 g) with Magic R Worm Food, composed of around 12% protein, 1% fat, 81% carbohydrates and 6% fiber (www.magicproducts.com). A similar amount of feed was added to the control treatment without earthworms, with the feed being manually mixed with the soil (Frisli et al. 2012) . In the main experiment, soil samples of 10 g were collected at the start and every week for a period of 9 weeks, and for the repeated experiment soil samples of 3 g were collected each week for 12 weeks. The collected soil samples were stored at -80 • C until used. DNA was isolated from 0.5 g of the soil samples in triplicate (randomly sampled) using the E.Z.N.A Soil DNA Kit (Omega Bio-Tek Inc., Norcross, GA, USA) following the manufacturer's instructions.
Quantitative real-time PCR Illumina sequencing
For quantitative PCR, the 16S rRNA gene was amplified using the forward primer sequence 5 -TCCTACGGGAGGCAGC AGT-3 , the reverse primer sequence 5 -GGACTACCAGGGTATC TAATCCTGTT-3 and an internal probe sequence (6-FAM)5 -CG TATTACCGCGGCTGCTGGCAC-3 (TAMRA), employing a previously developed protocol (Nadkarni et al. 2002) . Illumina sequencing was performed using the PRK341F (5 -CCTACGGGRB GCASCAG-3 )/PRK806R (5 -GGACTACYVGGGTATCTAAT-3 ) primer pair, targeting the V3-V4 region of the 16S rRNA gene as previously described (Avershina et al. 2016) . Raw data of 16S sequences were analyzed together using a standard workflow of the QIIME pipeline (Caporaso et al. 2010) .
Data analysis
The microbiota composition and diversity were analyzed using the Core diversity package in QIIME (Caporaso et al. 2010 ) using a rarefaction cutoff of 20 000 sequences. The relation between the microbiota and the experimental variables was determined using ASCA-ANOVA (Smilde et al. 2005) , while the temporal development was analyzed using multivariate curve resolution (MCR) (Zimonja et al. 2008) . Correction for multiple testing was achieved by false discovery rate (FDR) corrections (Benjamini and Hochberg 1995) . Sample comparisons and statistical analyses were performed using Matlab 2016a (Mathworks Inc., Natick, MA, USA) with the PLS toolbox module (Eigenvector Research Inc., Manson, WA, USA).
RESULTS
Microbiota composition
The soil microbiota in our experiments was mainly composed of Proteobacteria (Fig. 2A) . We found significant effects of both experimental series and earthworms on the microbiota composition, with the effect of the former being 3-fold to that of the latter (Table 1) . Operational taxonomical units (OTUs) belonging to Alphaproteobacteria were over-represented for the repeat experiment, while OTUs belonging to Gammaproteobacteria were over-represented in the earthworm soil (Fig. 3) .
After FDR correction, we found 14 OTUs that were significantly associated with earthworm-inhabited soil across the experimental series, with 5 out of the 6 positively associated OTUs for both experimental series belonging to Gammaproteobacteria (Table S1 , Supporting Information).
We found major differences in both the microbiota diversity and richness across the two experimental series (Fig. 2B) . For the main experiment, the observed average species richness was on average 604, while that for the repeat experiment was 845. Similarly, there was a higher alpha diversity in the repeat experiment for both Simpson and Shannon index. Major differences between the experimental series were also revealed by beta diversity analyses, as revealed by the spacing in the PCoA plot (Fig 2C) . Earthworms, however, did not exhibit any detectable effects across experimental series on soil species richness, alphaor beta-diversity.
Temporal development of the microbiota
There was an approximately 2-log increase in total bacterial numbers within 3 weeks for both the main and repeat experiments, with no detectable difference in quantity between control and earthworm soil. Despite the relatively constant total bacterial load from 3 weeks and onwards, the microbiota composition exhibited major temporal fluctuations during this period, with non-deterministic patterns across the experimental series (Fig. 4) . Despite the major overall fluctuations, two OTUs (OTU 28 and 16) classified as Kluyvera cryocrescens and Pseudomonas putida, respectively, showed a consistent association with earthworminhabited soil (Fig. 5 ), while we were not able to identify temporal associations for the other OTUs. Neither did we observe any temporal differences in alpha-diversity.
DISCUSSION
We found significant association of earthworms with a subpopulation of the soil microbiota despite the main differences in microbiota composition and stability. The most pronounced association was an increase in Gammaproteobacteria. In particular, bacteria related to K. cryocrescens and P. putida showed consistent association with earthworm-inhabited soil. Bacteria related to K. cryocrescens have been previously shown to be associated with the earthworm gut as glucose utilizers (Wust, Horn and Drake 2011) , while P. putida has been demonstrated to increase the degradation of complex organic molecules in the presence of earthworms (Hu et al. 2008) . This suggests that earthworms can contribute to the alteration of soil microbiota subpopulations, irrespective of the dominant microbiota composition. Factors other than earthworms contributed to the main variations observed in the microbiota. Even though we used limed peat moss based from the same producer in our two experimental series, we observed very little overlap in either microbiota dynamics, or composition. Our results, therefore, support a non-deterministic assembly model for the main composition of the soil microbiota (Nemergut et al. 2013 ), but as illustrated by the earthworm associated bacteria are there subpopulations that show specific interactions.
In conclusion, we have shown that earthworms can affect subpopulations of the soil microbiota, irrespective of a nondeterministic assembly of the dominant microbiota.
